Abstract. An aim of this paper is a suggestion of the evaluation method based on the experimental data and the Wilson plot method for the Plate Heat Exchangers (PHE). For the purpose of the project, a new experimental loop was built for the testing of PHE to obtain the overhaul heat transfer coefficient and pressure drop between the inlet and outlet of the fluid. The measurement were done for three different PHE, with the performance range of 30-100kW. The working fluid was water on both sides of the PHE. The differences are in number of pates as well as in extrusion profiles. The Wilson plot evaluation method was involved in the processing of the experimental data. To obtain more accurate correlations between the experimental data and theoretical results yielded by the Wilson plot, the method was enhanced by the measured pressure drop involving. This approach could be useful for PHE designing software and for the manufacturing company.
Introduction
Plate heat exchangers (PHE) are the group of heat exchangers generally characterized by their compactness and flexibility. The PHE could be commonly used for a wide range of fluids include the non-Newtonian liquids. On the other side, their application is limited by relatively low allowable media pressure difference, which arises from the construction. PHEs are typically corrugated from the thin metal plates which are providing the large heat transfer surface. The configuration of the plates has the influence on both important parameters, pressure drop and heat transfer. Several different plate patterns were developed worldwide to reach the desired operation parameters. For the purpose of this work, three pattern configurations called Chevron, Tubular and Dimpel were tested [1, 2] .
The main goal of the paper is to suggest the method to validate the criterial equation applied for the PHE design from the easily measured parameters. The temperatures of the fluid at the inlet and outlet, the flow rate on both sides and the pressure drop were considered. The first step was the experimental determination of the overall heat transfer coefficient (OHTC) in the PHE. All the achieved data were further used for the evaluation of the heat transfer coefficient on both sides of the plates.
Equations for PHE characterisation are available for the most used patterns in literature [1, 2] . The number of researchers experimentally investigated different plate patterns to describe their basic characteristics by newly developed criterial equations [3] [4] [5] [6] and some researchers focused work on heat exchanger optimization, e.g. [7, 8] . The presented work suggests a similar way but with the basic knowledge of the geometrical characteristics of plate patterns. The advantage of the approach is possibility to verify or recalculate existed PHEs. The modification of Wilson plot technique was involved to obtain the new equations.
A necessary for the project was to develop and manufacture the testing stand for the measurement of the OHTC. In the second part, the experimental investigation was carried out on the three PHE. The PHEs differ in the pattern of the plates used as heat exchanging surfaces. The Chevron, Tubular and Dimpel type of the metal sheet pattern was used. The measurement was performed with water on both sides of each PHE.
Experimental set-up
The testing loop was built in the laboratory of CTU in Prague in the year 2014 as the part of the project with an industrial partner. The aim was the stand for the variable measuring of the PHE. Automatic controlled biomass boiler "comp. Fiedler s.r.o.", with the performance range 30-100kW, was chosen as a heat source. For the PHE cooling, a water loop with the maximum cooling capacity in the laboratory (300kW), was used. The schema of the measurement loop is in Figure 1 .
The design of the testing loop was solved as the combination of available facilities in laboratories, the boiler and the cooling tower, and demands for measurement of required physical quantities. In comparison with generally recommended schemes, a hydraulic separator is included.
The hydraulic separator was involved to separate the PHE loop and the boiler loop on the heating water side. This solution brings the advantage of the independence of the heat transfer in the boiler itself, because the hydraulic condition in the boiler is nearly constant and it is independent on the flow condition The hydraulic separator was involved to separate the PHE loop and the boiler loop on the heating water side. This solution brings the advantage of the independence of the heat transfer in the boiler itself, because the hydraulic condition in the boiler is nearly constant and it is independent on the flow condition in the PHE for varying mass flow. The PHE was isolated with polystyrene foam.
THE METHOD
The method of the experimental research was chosen with the respect of the limited knowledge of the PHE parameters. The measurements were performed for four different conditions. First three conditions were different only by the performance of the boiler. This means that hot water from the boiler flow through the A-side of PHE (see Fig. 1 ). In each of the conditions, 4 flow rates in the PHE were tested. The performance of the boiler was adjusted by different timing of the fuel supply.
The forth condition was measured while the PHE was turned around to commute the hot and cold water. In this case, hot water was flowing through the B-side of the PHE. This method can help to determine the OHTC and, moreover, helps with the evaluation of the heat transfer coefficient for each side using the Wilson plot method.
A-side B-side Figure 1 . The schema of the measurement set-up.
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The data processing to yield the OHTC is straightforward from the measured parameters of temperature and pressure The density of the water and heat capacity is computed from the IAWPS IF97, a mean temperature between inlet and outlet is expected.
The performance of the hot and cold side of the PHE can be written as
The area of the heating surface A [m 2 ] is unknown for all tested exchangers. The determination of the OHTC can be done only in combination with A by following equation:
Logarithmic mean temperature difference is defined for the testing loop as
Wilson plot method
Most of the convective heat transfer processes inherent to heat exchangers usually involve complex geometries and complicated flows so analytical solutions are not possible. In many cases, there are several empirical methods to calculate the HTC for a similar type of heat exchanger and geometry, which provide different results [9] . The Wilson plot method is a suitable technique to estimate the convection coefficients in a variety of convective heat transfer processes. The method avoids the direct measurement of the surface temperature and the disturbance of the fluid flow and heat transfer introduced while attempting to measure those temperatures. It relies on the fact that the overall thermal resistance can be extracted from experimental measurements in a reliable manner. The aim of the method is the calculation of the convection coefficient (or thermal resistance) of the fluid in the criterion formula for the defined type of the convection heat transfer. The application of the Wilson plot method is based on the measurement of the experimental mass flow rate and temperatures [1] .
The original method has been derived for the processes of transferring heat by convection, when the thermal resistance on one side of the heat transfer surface remains constant (in the case of condensation [10] ) while varying the mass flow on the other side changes the total thermal resistance in the heat exchanger. This method was originally derived for determining the coolant HTC in steam condensers, where the sensitivity of the shell-side HTC value to vol. no. / Experimental Assessment of Plate Heat Exchanger Characteristics the overall HTC is more significant than the condensation HTC [10] . Modifications of the Wilson plot method based on the principle have been derived for wide range of heat exchanger geometries.
Evaluating parameters of plate heat exchangers
In the case of the plate heat exchangers, the hydraulic diameter is very small, almost in order of mm. Therefore, the turbulent conditions are achieved very early. The Reynolds number is a function of the fluid flow rate. The mathematical formula for the Reynolds number is given in (1). The ratio represents momentum to viscous forces:
The Prandtl number is a function of two important physical properties (thermal and momentum). The Prandtl number may be seen as a ratio of the rate that viscous forces penetrate the material to the rate that thermal energy penetrates the material:
The Nusselt number is equal to the dimensionless temperature gradient at the surface and it essentially provides a measure of convective heat transfer. The Nusselt number may be viewed as a ratio of the conduction resistance of a material to the convection resistance of the same material:
In single phase fluid flow heat transfer, generally, Nu is represented by a pragmatic expression such as the one given in (3). The term (µ/µ w ) is accountable for variable viscosity effects:
The Wilson plot modification
The derivation of the Wilson plot method is based on the heat balance of the heat transfer in a heat exchanger [11] . The thermal heat resistance R, in this process, is determined from the enthalpy change of the fluid:
The overall heat transfer coefficient U can be expressed as 1
where Coefficients a, b are determined as the result of the linear regression
The X and Y regression starts with an initial n value as well as a guess for the CB value. These values have an impact on the wall temperature calculations; therefore, the viscosity ratio must be adjusted in both linear regression processes. From the X1 and Y1 regression, CA and CB coefficients are found. This CB coefficient is then used in a mathematical relaxation method to converge the viscosity ratio in the X2 and Y2 linear regression, producing values of n and CA. The new n is then used in the next iteration of regressions (which has the new viscosity ratios to be relaxed). The calculations continue following this procedure until the difference between the successive n and CB values and the CA values from the X1-Y1 and X2-Y2 linear regressions reach a predetermined allowable error [11] .
In our case, when the evaluation method should be independent on the geometry of the PHE, one can expect following suggestions. The velocity for the determination of the Reynolds number can be given as = ⁄ . Thus Eq. (7) and (8) are transformed to the term
The values of the parameters , are unknown, but these parameters are constant for the specific geometry of a heat exchanger. Therefore, we introduce the modified Reynolds number, defined as = ⁄ and the unknown parameters , are included to the constant = • • ⁄ . Eq. (12) is transformed to the term
which is used in the calculation below instead of the terms in Equation (7), (8) . Figure 2 . Evaluation of the criterial equation [1] .
By the substitution of terms in (5), (6) to (4), there is given:
It is possible to write (7) in a linear form
where Y 1 and X 1 are in following forms:
The set of values of Y and X, given for the set of experimental data, can be fitted by the linear regression for an estimated value of the coefficient n. The value, pragmatically used for the coefficient m, is 0.4 in the transfer process [3] .
Coefficients a, b are determined as the result of the linear regression
The X and Y regression starts with an initial n value as well as a guess for the C B value. These values have an impact on the wall temperature calculations; therefore, the viscosity ratio must be adjusted in both linear regression processes. From the X 1 and Y 1 regression, C A and C B coefficients are found. This C B coefficient is then used in a mathematical relaxation method to converge the viscosity ratio in the X 2 and Y 2 linear regression, producing values of n and C A . The new n is then used in the next iteration of regressions (which has the new viscosity ratios to be relaxed). The calculations continue following this procedure until the difference between the successive n and C B values and the C A values from the X 1 − Y 1 and X 2 − Y 2 linear regressions reach a predetermined allowable error [11] . 
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Fluid flow Friction factor
Laminar f = 1.328Re
Turbulent f = 0.074Re
Transition f = 0.074Re Table 4 . Coefficients on the B-side of the PHE.
In our case, when the evaluation method should be independent on the geometry of the PHE, one can expect following suggestions. The velocity for the determination of the Reynolds number can be given as v = According to the calculation procedure below, the value of the coefficient m was defined as 0.4 and the value of the coefficient n was calculated as approximately 0.9, which is the best corresponding in each type of the testing plate heat exchangers. The resulting values of coefficient C mod are shown in Table 1 .
The results in Table 1 show that the heat transfer coefficient is higher on the hot side of the PHE. For The analysis of the measured data indicates that on the A-side, the turbulent flow is established and on the B-side, the flow is mostly laminar. This interesting result could be useful for the manufacturer. For example, an increase of the turbulence intensity on the B-side could possibly enhance the performance.
CONCLUSION
The the explanation of the convection coefficient difference, the analysis of the pressure losses were done.
Pressure losses
The pressure loss is defined as
where f is the friction factor [3] . Its value for a plate exchanger is according to the flow type, see Table 2 :
The measured dependence between the pressure loss and the volume flow of water for both sides of PHE is presented in Figures 3 and 4 . Measured data were fit with an exponential function and coefficients of the functions are in Tables 3 and 4 .
Results in Table 3 correspond with the turbulent flow and the coefficient −1/5. Results in Table 4 correspond with the laminar flow and the coefficient of −1/2. vol.
no. /
Experimental Assessment of Plate Heat Exchanger Characteristics The analysis of the measured data indicates that on the A-side, the turbulent flow is established and on the B-side, the flow is mostly laminar. This interesting result could be useful for the manufacturer. For example, an increase of the turbulence intensity on the B-side could possibly enhance the performance.
Conclusion
The method for the validation of the PHE design was suggested. The application of the Wilson plot method, together with the pressure loss analysis, brought the powerful tool for the verification and the design of the PHE for their producers. Main advantage is the application of simply measured parameters (temperature, flow rate and pressure loss) to reach dependence of the heat transfer coefficients on the flow rate of the fluid. This method is even suitable for the cases, when a similar fluid, with similar order of the convection coefficient, is on both sides of the PHE.
The analysis of pressure losses can increase reliability of the standard Wilson plot method. In our case, the proof of the mostly turbulent flow on the hot side and mostly laminar flow on the cold side for all three PHE types, was brought. In Figure 5 the agreement between suggested model and experimental data is plotted in the normalized units.
The data used for the data processing were measured while the entire measurement system was in the equilibrium. This state should be identified by the low difference between the performance on the cold and hot side. The difference between performance of the cold and hot side of the PHE can be expected as the uncertainty of the measurement. The sensitivity analysis brought the result that entire uncertainty of the PHE side performance should be smaller than 3 %. Main contribution is coming from the uncertainty of the temperature measurement. Most of the measurements are in the range of the expected error.
The conclusions, results and data reported in this paper introduce a good basic approach to evaluate parameters PHE with unknown geometrical parameters. Further tests would be beneficial to extend present knowledge of the PHE parameter to the region exceeding the tested ranges. 
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